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Theoretical study of boundary lubrication

A. Buldum and S. Ciraci
Department of Physics, Bilkent University, Bilkent 06533, Ankara, Turkey
(Received 7 October 1998

We analyzed the dynamics of xenon atoms as lubricant between t{d Oislabs in relative motion.
Atomic simulations are carried out by using classical molecular dynamics with realistic empirical potentials,
where nickel as well as xenon atoms are relaxed. The resistance of the xenon layer against the loading force is
examined and critical forces are determined to destroy the lubricant layer at different coverages. The relative
motion of slabs in the lateral direction is investigated under constant normal force as a function of coverage
ranging from zero to the monolayer xenon. Important lubrication properties of xenon atoms are analyzed by
calculating the variation of potential energy, lateral force, and local hydrodynamic pressure. It is predicted that
the corrugation of the potential energy associated with the sliding has a minimum value at submonolayer
coverage. A phononic energy dissipation mechanism together with the theoretical analysis is proposed.
[S0163-182609)08623-3

[. INTRODUCTION atoms for® ~ 2, relative motion takes place between lubri-
cant surfaces where the interatomic interaction is signifi-

Friction and tribology compose an old as well as impor-cantly weak. Foi® ~2 -3 the state of the lubricant between
tant subject Earlier studies have shown that the understandthe surfaces is crucial. Structural phase transitions or, in cer-

ing of several complex phenomena taking place in friction,tain conditions, the “chaotic” behavior of lubricant layers
such as electronic and phononic energy dissipation, weaduring the relative motion of the surfaces and the effects of

structural phase transitions, etc., can be provided by atomigther parameters such asFy, and the area of contaétin

scale investigations. Recent progress in the atomic forcehe relative motion are of interest. The lubricant atoms mov-

microscopy® (AFM) has made precise and atomic scaleing on the metal surfaces can excite electron-hole pairs and

force measurements possible. The valuable data gained fropionons which dissipate mechanical energy of the motion

these measurements have been combined with the extensi80 heat. _ _ _

atomic simulations® and ab initio force calculation? to The atomic configuration of the lubricant atoms between
investigate friction on the atomic scale. The boundary lubri-tn€ rgovm? SL_lrfat_:es IS re]:_?senr:l_al for. mve_stlgatlor:j_ of :he
cation that involves lubricant atoms or molecules betweerPOUndary lubrication. While this region is not directly

surfaces in relative motion becomes even more complex. Th@rObed’ important information can be obtained from the

coverage of the lubricant can vary from submonolayer to Efatqmm simulations. In'th|s work, we performed atomic simu-
. . ; ations of Xe atoms witt® <1 which play the role of lubri-
few layers, i.e, B®<n, and prevents the moving objects

¢ direct tact. M lubricant at Icant between two N110 slabs in relative motion. We in-
rom direct contact. vioreover, some lubricant atoms or moi- estigate two cases for different coverages,@<1. In the

. i ) - Vi
ecules shield the m_teractlon betwe_en sliding surfaces anﬁlrst case, one Ni slab is pressed towards the other one in the
weaken the corrugation of the adhesive energy. These effeCiy, jco| direction untiF, becomes very large. This way, the
are combined to reduce the friction coefficient. For a givenyohavior of the lubricant layer under large pressyre
type of lubricant, the friction coefficient depends mainly on _ Fy/A is analyzed. In the second case, one of the slabs is
the coveraged, velocity of relative motionv, and normal  moyed laterally relative to the other one under a constant
force distributionFy . Experiments performed by using a normal forceF,. While the slabs are pressed by a constant
surface force apparatus showed different regifnes, stick-  normal force in the course of their lateral relative motion, Ni
slip and steady sliding motiordepending on the velocity - a5 well as Xe atoms are fully relaxed. In this respect, the
of th? moving ObJ_eCf By increasingv over the critical  present simulation provides valuable data for further theoret-
velocity the stick-slip motion is transformed into steady-statgcg| studies. Here =0 corresponds to the dry sliding fric-

P 11-13 . . . . . .
sliding.=*~** _ _ ~ tion and involves irreversible deformatidior atomic rear-

The lubricant being an atom or molecule is a critical in- rangements whereas ®>0 represents the boundary
gredient in the boundary Iubnca}tlon. Alj efficient lubricant is |yprication. We examine the variation of the total potential
expected to screen the_strong _mteractlon between the ator@ﬁergyVT, lateral forceF,, and the hydrostatic pressure
of the surfaces, in relative motion. If these were bare metalit the displacement and examine the atomic motion. We

surfaces, the interatomic interaction would be very stronggiscyss also a phononic mechanism of energy dissipation in
For example the adhesive energy for a metal atom betweefe poundary Iubrication.

two metal surfaces iss1-3 eV and the maximum attractive

force ~1—-2 nN. Under this strong interaction two surfaces
normally stick to each other if they are clean and atomically
flat. Certain atoms or molecules located between two sur-
faces(for example the inert-gas atoineduce this interac- We performed molecular dynamics calculations by using
tion. If both surfaces are covered by lubricant such as Xesmpirical potentials. Two objects, one moving with a veloc-

Il. METHOD
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FIG. 1. The unit cell of the movinguppe) and restinglower) -9400

Ni(110 slabs with the Xe atom between them. Tjaxis is taken L.
parallel to the[001] direction. The upper slab is at the top site = -9500
relative to the lower one. Xe atoms are at the hollow SiteH, and
B indicate top, hollow, and bridge site positions relative to the e S — 200 e s
lower slab. The lower curve schematically describes the corrugation d(A) d(A)

of the potential energy.

(eV)

FIG. 2. Total potential energy+(d) and normal force§ \(d)

. . . in the case of pressing the upper slab towards the lower one with
ity v, relative to the other one, are (iLQ slabs; each slab different® values. Panel&) and(b) are for® =0. Panelqc) and

has 8 N{110 layers and each layer contains 140 unit cells . ST _
S e =0. =0. | les.
and hence 140 atoms. Periodic boundary conditions are usélgi) are for®=0.64(open circlesand® =0.84 (solid circles. d is

. . L e perpendicular displacement of the upper slab toward the lower
in the lateral(or xy) pllane descrlb_ed in F|g..1. The perpen- ;.o starting at a heiglity explained in the text.
dicular or lateral motion of the first slabs is controlled by

moving the topmost two layers, but keeping the lowest two,

layers of the second slab fixed. The rest of the atoms, whicf!9 the first 500 time steps. After displacement steps, the
we called dynamic atoméNi, as well as Xe atoms are perpendicular and lateral displacements drenAd and s

relaxed so that the net force acting on each dynamic atoms is NAS respectively.

diminished. We treated different values of Xe coverages:
=0, 0.64, 0.84, and 1.0 corresponding to 0, 45, 59, and 70

- . . Ill. PRESSING
Xe atoms between the Ni10) slabs. The Xe-Xe interaction
is expressed in terms of Lennard-Jones potential By displacing the upper slab towards the lower one from
the heighth,, the total potential energy is first lowered
[\ 12 [o\6 owing to the attractive interaction. Initially, the bottom sur-
Ujj(rij)=e (_0) — (_0) } (1) face atoms of the upper slab face the atoms at the surface of
ij i the lower slab; it is denoted as the top gite registry. Upon

further approachV; passes through a minimum and in-

wherer;;=|r;—r;|, r; andr; denoting the positions vectors creases due to the repulsive interaction at small separation.
of atomsi andj, respectively. The parameters=4.36 A The variation ofV1(d) and the perpendicular fordg(d) is
and €e=0.024 215 e\** Similarly, the interaction between shown for various values o in Fig. 2. Figures 2) and
Xe-Ni atoms is expressed with a similar potertfiatith dif- 2(b) correspond to the cas® =0. At some points-y de-
ferent parametens,=3.27 A ande=0.034 13 eV. The in- creases suddenly. The first sudden change occurd at
teraction between Ni-Ni atoms is represented by the embed=3.1 A where the surface atoms of the upper slab jump to
ded atom potentidf The coordinate system of the motion, the H-site registry having relatively lower energy. The sec-
the orientation of Ni110) slabs, and their primitive unit cell, ond sudden fall ofFy at d=4.3 A is due to the jump to
with lattice parametera=3.52 A, b=2.49 A, are illus- contact whereby the upper slab and the lower slab change to
trated in Fig. 1. the bulk registry. The third sudden fall of the force cufug

In the perpendicular approadialong thez direction in  occurs atd=7 A where the ordered structure of the slabs
Fig. 1), one slab is left to descend towards the other from the&cannot be maintained under such a high lodgyT
hy=6.0 A in the®=0 case and fronhy=8.8 A in the >700 nN. We note thaE, or Fyyinduced as a result of the
©®+#0 case in increments &d=0.05 A. In the lateral mo- displacement of the upper slab towards the lower one is
tion of the slab along thE001] direction(or they direction uniaxial along thez axis.
that is parallel to thé110) surfaces of both slab, one slab is  Xe atoms between the slab® =0) make the total poten-
displaced in steps afs=0.05 A under the constant normal tial energyV+ relatively shallower. Initially the Xe atoms
force Fy=0.03 eV/atom €0.048 nN/atom). During each stay adsorbed on the surface of the lower slab, and they keep
time step At=10"'° sec) all dynamic atoms are let to their positions untild=3.0 A. Ford>3 A they rise to-
move under the forces acting on them, but they are thermalyards the upper slab and are stabilized at the middle of the
ized © 4 K after eachAt by rescaling their velocities. Be- separation between the surfaces of the slabs, since the energy
tween two consecutive displacemefits., increments oAd barrier diminishes and two local energy minima for the Xe
or As) all the dynamic atoms are relaxed for 2000 time stepsatoms(each being closer to one slab surfacellapsed to a
in both perpendicular and lateral motion. Accordingly thesingle minimum at the middle. The Xe atoms, as well as the
lateral speed can be taken as 2.5 m/sec. The total potentiabtoms of the surfaces of the slabs adjacent to the Xe layer,
energyV is calculated by averaging 1500 time steps follow-keep this configuration untild~5.7 A (where Fy
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FIG. 4. Layer averaged local hydrostatic pressure vaRdsl)

..O.Q...O......’....'...O.. for the bottom layer of the upper slébpen circley the top layer of

..'.....""........'...'.' the lower slab(solid circles, and the lubricant layeftriangles for

o000 O 0000%3 ©=0.64.

O@©©@@O©©@O@@@@©© @é@@ »@©©© the lower slab were deformed.
PQOOO0OOOO0ODOODOoO0O0OO Beside atomic configuration and atomic forces, other local
C)OOOOOOOOOOOOOOOOOOOOGOOOOOO parameters like local atomic stresses and local hydrostatic

OO0 O O0O0O0O00CO0O0O0OO0O0 pressure are crucial for the study of lubrication. We note that

even if the net force on one atom is zero, the hydrostatic
pressure may be quite high. The local hydrostatic presBure
is the trace of the local atomic stress tensor,

- 4
Y D

Pi=(1/9)(o7"+ ¥+ o). )

P; can take positive and negative values; positive values cor-
respond to compressive pressure and negative values corre-
spond to expansive pressure. The average hydrostatic pres-

sure of the layet is calculated a@L:(l/nL)Ei”LPi , Where
n,_ denotes the number of atoms in the lajer

O
OOOOOOOOOOOOOOOOO 0~0"0"0 O The average hydrostatic pressure valBgf the bottom

0-6-0 0-0-6-0-0
OJN®;

layer of the upper slab, the top layer of the lower slab and the

FIG. 3. Snapshots of the slab-lubricant-slab system durindubrication Iayer qsafunction of perpendicular displacement
pressing are shown f@ =0.64. The Ni atoms in the uppéowen) d are ShOWI’].In Fig. 4. Normally, one expects Fhat the pres-
slab are represented by solidpen circles and the Xe atoms are Sure values increase for Xe and Ni layers until the destruc-

represented by stars. Panéd, (b), and(c) correspond tai=5.6,  tion of the lubricant layer. But surprisingly, the pressure val-
5.7, and 6.0 A, respectively. ues first increase and then decrease smoothly. This situation

can be understood by analyzing the pressure contours on the

xz plane of a slice of the system as shown in Fig. 5. &or
~0.7 eV/A atom~1.12 nN/atom) for®=0.64. Once the 3 A the pressure intensified initially on the Xe atoms
normal force exceeds this critical value the lubrication 'ayer(three Xe atoms on the left and two Xe atoms on the right of
is_ destroyed, and the _Ni atoms of both surfaces _establis{he panel have 20 GPaBy further pressing of the lubricant
d|rect contact..'!'he resistance to the normal load increasqgyer, the high-pressure region switches to the atoms around
with ©; the critical forceFy=1.6 nN/atom for®@=0.84,  the vacancy positions. This wa,, is distributed to rela-
andFy=3.04 nN/atom foil®=1. The sudden change in the tjyely |arger cross section and hence the average pressure of
Fn curve is more distinguishable in th®=0.64 case, the |ayers decreases. However, this does not mean that the
whereby the lubrication layer is destroyed since more Nisystem is going to be more stable, since upon further press-
atoms under stress enter into the vacancies in the Xe Iayepfﬁg' the vacancies begin to be filled by the surrounding Ni
and lower the potential energy. Finally, we note that theatoms. This wayP, is decreased further but the lubricant
spacing between the slabs increases-%/8 A in the pres- |ayer is totally destroyed. The behavior of the system under
ence of Xe atoms. However, this is not so obvious in Fig. 2high uniaxial loading force is, however, only qualitatively

illustrating the global minima o¥/y neard~4.5 A for both  correct due to the periodic boundary condition and limited
©=0 and®>0 cases, since the perpendicular displacemengjze of the system used in atomic simulations.

d of the upper slab starts from the heidhf=6 and 8.8

for ®=0 and®>0, respectively. Figure 3 shows how the
lubricant layer of® =0.64 is destroyed under heavy load.
Upon further pressing, more Ni atoms mix with Xe atoms The friction of the N{110 slab, moving above a similar
and the bottom layers of the upper slab and the top layers dfli(110) slab that is fixed by two bottom layers, is studied for

IV. FRICTION
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FIG. 6. Potential energy; and lateral force$, of the upper

& ' y T —— e slab versus the lateral displacementn the case of sliding for
) U different® values. Panel&) and(b) are for® =0; panels(c) and
10 ] (d) are for® =0.64 (open circley ®=0.84 (solid circleg, and®

Q =1 (triangles. The loading forceFy=0.03 eV/atom; the sliding
speed of the upper slab from right to left=2.5 m/sec.

Cj) @ Interestingly, the potential energy; varies linearly in the

disordered state that occurs for 48<5 A. For 5<s
<5.25 A the structure changes from the disordered state to
@ D G the ordered state ending at tHesite registry indicated b

o in Fig. 6(a). In spite of the transformation to an ordered state,
the minimum of the potential energy; rises due to the

. residual defectgsuch as vacancies, interstitialcies, and par-
v tial dislocation$; so V1(C)>V¢(A). Figure 7 shows the
' , ' ' disorder-order structural transformattrior s=4.5 A and
165, 20 25 30 - .
x(A) s=5.5 A for ®=0. The variation of total energy is con-

servative in the period—B or C—D. However, due to the
FIG. 5. Contour plots of the local hydrostatic pressure onxthe  residual defect formation or structural transformation in the
plane for® =0.64. The upper panel correspondsite 3.0 A, and slab, V1(C)—V+(A)~25 eV and hence the total potential
lower panel corresponds th=5.5 A just before the destruction of energy undergoes irreversible change. The structural trans-
the lubricant layer. Contour valué® units of GPa are indicated  t5rmation and defect formations are easily recognized in

on the plots. Solid and dashed contour lines correspond to the Conf‘—'igs 7@ and 7b). The lateral forcé=, is obtained from the
pressive and expansive pressure values, respectively. The positioaari\;ative ofV~: ' -
T .

of Xe atoms are indicated by X in the upper panel.

Vv
©=0,0.64,0.84,1.0i.e., full coverage The translation of Fu(s)=— TST' (©)
the upper slabs, that is, nAs after n lateral displacement
steps, is made under constant normal I6ag=0.03 eV/A  F >0 is along they direction, and is in the opposite direc-
atom(or total loadF\1=6.72 nN). The coverag® =0 cor-  tion of the external force, which moves the upper slab.
responds to the dry friction. The important difference be- The implementation of the Xe atoms between two
tween®=0.84 and 1.0 is that one row and one column ofNi(110) slabs with coverage€9® <1, changes the situation
Xe atoms are missing in the former case. The total potentiafiramatically. This is seen from the corrugation\gf(s) that
energy and lateral force variatiol'r(s) and F (s) are reduced from~170 eV @®=0) to 12.5 eV @ =0.64).
shown for various values @ in Fig. 6. The relative motion Under the loading forc&=0.03 eV/(A atom the Xe at-
with ® =0 starts at thd site (see Fig. 1that is a metastable oms prevent the system from any defect formation, except
state. By moving the upper slab the atoms jumphhsite of  some structural transformation within the lubricant layer. As
the lower surface. The total potential energy continues ta result, energy lost is reduced, and so is the average friction
decrease with further displacement and passes through farce. Initially, the atoms of the upper (i10 slabs are lo-
minimum ats=1.75 A. This is the minimum energy con- cated just above the Ni atoms of the lower slab. Thsite
figuration. Normally, the maximum o¥+(s) would appear configuration is now a minimum energy configuration owing
at the nexiT site (for z=3.5 A ands~3.5-4.0 A). How- to the presence of Xe atoms located atlthsites of both Ni
ever, before this expected maximum occurs, the total poterslabs. By moving the upper slab, the Xe atoms are forced to
tial energy is lowered by-30 eV due to a structural trans- move in the same direction. This increadgsuntil a maxi-
formation from the highly ordered to the disordered statemum value occurring at the displacemerg<(n—1)a
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FIG. 7. Snapshots of side views before and after a disorder-
order structural transformation f@ =0. The upper panel is fog

O
O
O
O
O
O
O
O
O
O

=45 A before the transformation and the lower panel is gor FIG. 8. Snapshots of side and top views of the uppdiNj)
=55 A after the transformation. The Ni atoms of the upperslab moving laterally above the lower ({1L0) slab with Xe cover-
(lowen slab are shown by solitbpen circles. age ®=0.84. Upper, middle, and lower panels correspond to the

) ) ) lateral displacemerg=1.0, 2.0, and 3.0 A, respectively.
+a/2; thereafter the potential energy is lowered since the Xe

atoms move to the displaced sites of the upper and lower i i )
surfaces. As a result, the maximum ¢ is decreased to while the top layer of the lower slab is under relatively stron-

give a local minimum. The maximum change % in a  9€' expansive pressure in the first periodvgf, the bott_om
period or potential energy corrugatiohV, increases with layer of the upper slab comes under stronger expansive pres-
©;AV+is 20 eV, 16 eV and 12 eV fap =1, 0.84, and 0.64, Sure in the subsequent period. Stated differently, the Ni layer
respectively. The side and top views ©f=0.84 are shown that has the higher expansive pressure keeps the Xe atoms.
in Fig. 8 for different lateral displacements. Once the dis-Clearly, this shows that during sliding, the Born-
placement reaches the plateau regionve{s) (i.e., 1<s Oppenhel_mer surface was m0d|f|ed in such a way that two
<2 A), the upper slab first rises and then attracts part of théninima with the same energies occur.@<1, part of the

Xe atoms to accommodate at Hssite positions. So these Xe lubricant atoms can move to the-site registry while the
atoms are carried with the upper slab for a while. Remaining?)th?rs keep their initial positions. This way, vacancies in the
part of Xe atoms keep their initial positions during sliding lubricant layer propagate. In the full coverag@<1) case

(see the middle panels of Fig).8By passing the plateau

region upon continuing displacement, the Xe atoms which 20 , :
were attached to thkl, site positions of the upper slab de- ;
scend to the similar positions of the lower slab. This way a
row of vacancies is created between two domains of Xe at-
oms, which reduceAV+. This is reminiscent of the motion

of a line dislocation, which reduces the shear strength. As
noted, the situation is rather different for the casedof 1, PR ¥
since there is no space to create a row of vacancies. In the M -ﬁm@*«%@“
plateau of the first period d¥(s) all Xe atoms keep their [

positions close to thél-site registry of the lower slab while -10 . ' . .

the upper slab is sliding over. In contrast to that, in the pla- 0 2 (4A ) 6
teau region of the second period ¥ (s) whole Xe layer y

moves and first pass to thésite position of the upper slab.  FiG. 9. Layer averaged local hydrostatic press®yes function
Then, being attached to it they slide over the lower slabof |ateral displacemens, in the course of sliding fo®=1. The
Note that different behaviors of the Xe layer in two consecU-pressure values are shown for the bottom layer of the upper slab,
tive period of Vi(s) are clarified by the variation of the the top layer of the lower slab, and the lubricant layer by open
layer- averaged local pressupg(s). As illustrated in Fig. 9, circles, solid circles, and triangles, respectively.

0r p 'mmﬁ

P, (GPa)
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the lubricant atoms either move or keep their place as auring a single cycle seen in Fig(d. Eventually, the pho-
whole. Finally we note that since the translation of the uppenon distribution of normal modes,, increases locally. The
slab by a lattice constant involves whole Xe atom¥,; is  energy transferred to the vibrational modes cannot be
larger as compared to that fér<<1. For the same reasd?)  changed back to the mechanical energy, and is dissipated at a
of the Xe layer depends on the coverage. Sifitk is larg-  certain rate fixed by the temperature and material parameters.
est for®=1, P, is expected to be highest among the cover-The metastable stat¥,,(u;) can be projected to the normal
ages corresponding ©=0. modesdy

V. DISCUSSION AND CONCLUSIONS V=2, agdhq- (4)
q

Earlier, the lubrication by molecules and atoms were stud- N . . L
ied by different groups theoretically and experimentally. TheThe. k|net|_c energy associated with the excitation of a mode
prime motivation of these studies has been reducing the fric¢q is equivalent to
tion. Recent publications, as well as the present work, have 1
focused on the atomic processes taking place in the course of Vy(t=0)= > MQéaé, (5)
the relative motion of objects; hence these studies are rel-
evant for the understanding of energy dissipation mechawhich, at the same time, is equal td) ,(ng+1/2). Here
nisms. The energy dissipation due to the inert-gas atomg, =n(Q,,T) stands for Planck’s distribution. The excess
physisorbed on the metal substrates has been measured @¥tribution due to the vibrational excitation is obtained by
Krim and his collaborator®’ It is argued that the energy is subtracting the equilibrium distribution corresponding to the
dissipated mainly by electrorfit®® and phononic ambient temperatur@y,nd=ny(Qq,To) from ng, i.e. Ang
processeé? their share in the total energy lost has been a=n,—nY. This excess distribution of phonons and hence the
subject of dispute. Of course, in the systems operating undeinergy associated with it are dissipated to the substrates
significant Ioading force similar to the one treated here th&na"ﬂy by harmonic Coup"ng_ The decay rate of each vibra-
amount of energy transformed into residual defects can bﬁona| mOdqu, which is also expresséﬂzs as R(Qq)nq,
Significant. Hot electrons created as a result of friction Caltan be calculated in terms of harmonic Coup”ng parameterS,
transport energy and mediate the dissipation. The mechanisighich in turn are estimated by using the recent work of Mad-
proposed earlier for the energy dissipagi;ois questioned  senet al?® Following our earlier work* dAng/dt=—T
seriously by the recent work of Dayet al.,™ who observed yjelds the time variation of the phonon distributiom,(t)

that the friction force due to the motion of a nitrogen |ayer:n°exp[—R(Q )t]. Then, the energy dissipation extracted
absorbed on the Pb film decreases abruptly when the metﬁ"e?efrom is 4

substrate is cooled beloW, .

In atomic scale studies based on molecular dynamics cal-
culations a major part of the dissipated enefyis taken 5V(t)=§q: oVq(0)exd —R(Qg)t]. (6)
from the system in the course of thermalization to a constant
temperature. The remaining part of the enefgys reimple-  Normally, 6V is dissipated completely to the samples within
mented into the system through the structural transformaene cycle?* We note that in the above analysis it is assumed
tions induced by the relative motion under the loading forcethat both the ambient temperature and normal modes are
Fn. If & is negligible, the dynamic friction constapi, unaltered in the course of the relative motions of upper and
averaged over a translatiencan be calculated by usirtg, lower slabs. In reality, the normal modes and their level
which is taken out of the system in the same periocs.of spacingAQ) vary with s (or with timet). The ambient tem-
Here we discuss a phononic mechanism, and present a theperatureT, of finite slabs is also subject to change in the
retical model that can provide for an atomic scale analysis otourse of relative motion. Therefore, bdth and(), need to
energy dissipation in the boundary lubrication. A similar be calculated self-consistently.
model used to investigate the energy dissipation in the dry In conclusion, we examined how a lubricant operates to
sliding friction of a copper asperity on the copper surfacereduce friction. The important findings of the present work
revealed interesting aspects of dissipation proééssnon-  are the following:(i) The corrugation of the total potential
equilibrium phonon distribution was generated as a result oénergyAVy is reduced dramatically with the Xe coverage.
sudden(or nonadiabatic motion of atoms. In the present (AVy is reduced from 173 eV to 12.5 eV by implementing
case Ni atoms on the slab surfaces, in particular Xe atoms(e atoms corresponding 1 =0.64) Interestingly, AV has
are released suddenly from théinetastable strained state a minimum value foil® <1;AV is very large for® =0, but
as they overcome the barrier. Let us consider the displacestarts to decrease with increasifiy and passes through a
ments of Xe and Ni atoms at the interfajag} which corre-  minimum. The detailed analysis 61<0.5 and K0 <3 is
spond to a metastable staig, just before those atoms ex- expected to be also interestir(i) Another important feature
ecute jumps to their stable positiofghich is taken as the clarified in this work is the motion of Xe atoms during the
beginning of one dissipation cycles=0). ¥, stores energy motion of the upper slab; Xe atoms jump to the hollow sites
by increasing the potential energV, which is subtracted of the lower and upper slabs when-(n—1)a+ 3a. The
from the mechanical energy. As soon as atoms are releaseddden motion can be the source of energy |G8t. The
from their metastable states, certain vibrational modes areeak interaction between Xe-Ni and Xe-Xe and reduced in-
excited andsV is transformed into the vibrational energy of teraction between Ni-Ni due to the large radius of Xe are the
the atoms irreversibly. Her@V corresponds t@, occurring  prime causes of the reduced energy I6st) Since the resis-
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tance of the lubricant layer is found to be coverage depenanalysis of phononic energy dissipation in boundary lubrica-
dent, the study of the effect of normal load on the friction istion.

important. Then, how the kinetic friction constant depends

on Fy is an interesting question to be answergd.A theo- ACKNOWLEDGMENT
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